Tip size effects on atomic force microscopy nanoindentation of a gold single crystal by Lucas, Marcel et al.
Tip size effects on atomic force microscopy nanoindentation of a gold
single crystal
Marcel Lucas, Ken Gall, and Elisa Riedo 
 
Citation: J. Appl. Phys. 104, 113515 (2008); doi: 10.1063/1.3039511 
View online: http://dx.doi.org/10.1063/1.3039511 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v104/i11 
Published by the American Institute of Physics. 
 
Related Articles
Switching spectroscopic measurement of surface potentials on ferroelectric surfaces via an open-loop Kelvin
probe force microscopy method 
Appl. Phys. Lett. 101, 242906 (2012) 
Enhanced quality factors and force sensitivity by attaching magnetic beads to cantilevers for atomic force
microscopy in liquid 
J. Appl. Phys. 112, 114324 (2012) 
Invited Review Article: High-speed flexure-guided nanopositioning: Mechanical design and control issues 
Rev. Sci. Instrum. 83, 121101 (2012) 
Quartz tuning fork-based frequency modulation atomic force spectroscopy and microscopy with all digital phase-
locked loop 
Rev. Sci. Instrum. 83, 113705 (2012) 
High aspect ratio nanoneedle probes with an integrated electrode at the tip apex 
Rev. Sci. Instrum. 83, 113704 (2012) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 
Downloaded 13 Dec 2012 to 130.207.50.228. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
Tip size effects on atomic force microscopy nanoindentation of a gold
single crystal
Marcel Lucas,1 Ken Gall,2 and Elisa Riedo1,a
1School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA
2School of Materials Science and Engineering and George Woodruff School of Mechanical Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332-0245, USA
Received 8 August 2008; accepted 23 October 2008; published online 8 December 2008
The effect of tip radius on atomic force microscopy AFM nanoindentation is investigated through
indentation on the 111 face of a gold single crystal. The hardness is derived using two different
methods: by measuring directly the projected area of the residual indent with AFM images and by
measuring the cross-sectional area of the indenter before and after each nanoindentation test. The
hardness values obtained from the cross-sectional area of the indenter are comparable with those
obtained from images of the residual indent scanned with a sharp tip. Two AFM tips of average radii
of 7012 and 11226 nm are used to indent the sample to various depths ranging from 4 to 50
nm. For depths above 30 nm, hardness values remain constant around 500 MPa for both indenters.
For depths below 30 nm, the hardness increases as the indent depth decreases for the sharp and blunt
indenters, and the indent depth dependence is observed over a wider depth range for the sharp
indenter. For depths below 30 nm, the hardness values obtained with the sharp indenter are also
consistently higher than those obtained with the blunt indenter. The results confirm a size scale
effect during nanometer scale indentation for both varying penetration depth and tip radius, both of
which influence the volume of material sampled during deformation. © 2008 American Institute of
Physics. DOI: 10.1063/1.3039511
I. INTRODUCTION
Microindentation has been widely used to study the me-
chanical properties of a material and represents an alternative
to tensile testing for nanostructures, brittle materials, or thin
films.1,2 Technical advances in the past decade even enabled
nanoindentation measurements. The popularity of the tech-
nique has increased significantly since new methods have
been introduced to determine the hardness and the elastic
modulus without the need to image the residual indent.3,4
The hardness and the elastic modulus are derived from the
unloading force-depth curve, which can be analyzed using
the relations between the contact stiffness, the contact area,
and the reduced elastic modulus, derived by Sneddon for
axisymmetric indenters.5 The method relies heavily on the
knowledge of the area function of the indenter, defined as the
cross-sectional area of the indenter as a function of the dis-
tance from its apex.3,6 A typical calibration procedure in-
volves indenting a reference material of known elastic modu-
lus and Poisson’s ratio, such as fused silica, and measuring
the instrument compliance at various depths. The data are
then fitted to an area function, assuming, for example, that
the indenter is an ideal three-sided pyramid in the case of the
Berkovich indenter. The determination of the area function
and the contact stiffness requires the introduction of empiri-
cal parameters and correction factors, which depend on the
indenter shape,1,7,8 indent depth,8 and also the material.2 The
accuracy of the area function is especially critical for inden-
tations at maximum depths below 50 nm since even a dia-
mond indenter can experience wear with repeated use at this
scale. The apex of the indenter is usually modeled as a
sphere, cone, or three-sided pyramid since an accurate mea-
surement of the area function at the nanometer scale is not
available on most commercial nanoindentation systems due
to the poor lateral spatial resolution and the shape of the
commonly used Berkovich indenter.
There has been an intensive effort to model and study
experimentally the effect of the tip geometry7–12 and
bluntness13–17 on hardness values. A greater understanding of
the effect of tip shape on hardness will give an insight into
the indentation size effect on hardness measurements.18–21 It
has been widely accepted that the indentation size effect has
an underlying physical origin, but its interpretation is some-
times debated. For thin films deposited on a substrate, the
indentation size effect can be explained by the influence of
the substrate, constraint from film thickness, or strain gradi-
ent plasticity.13,22–24 For materials that deform through the
motion of dislocations, strain gradient plasticity predicts an
indentation size effect driven by geometrically necessary
dislocations.25
The contribution of tip shape effects to indentation size
effects remains uncharacterized and unclear.18 For example,
due to its geometric similarity, a perfectly sharp conical in-
denter on a homogeneous material would not be expected to
cause a size scale effect.13 However, various hardness mea-
surements on fused silica, which have indicated little depth
dependence for a Berkovich indenter,16 and an increase in
hardness with increasing depth for depths below 200 nm for
a pyramidal tip sharper than the Berkovich tip,9 indicate that
the magnitude of the indentation size effect depends on the
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indenter shape and possibly on the calibration procedure. Fi-
nite element simulations revealed no indentation size effect
for ideal conical indenters. However, an indentation size ef-
fect is predicted for blunted conical indenters, especially for
indent depths smaller than the tip radius.13 The hardness val-
ues were also found higher for conical indenters with a
smaller cone angle.9,18 Earlier work by Tabor26 on copper
with a spherical indenter of 10 mm diameter showed that the
hardness increases with the chordal diameter of the indenta-
tion. For spherical indenters, it was suggested that the hard-
ness depends on the indenter radius rather than on the indent
depth,17,19 although the smallest indenter radius studied was
14 m, much larger than the radius of atomic force micros-
copy AFM tips. Finite element simulations showed that for
spherical indenters with radii in the nanometer scale, the
hardness increases with the ratio of the contact to tip
radius.13,14
Understanding the effects of the indenter shape on hard-
ness measurements opens the possibility to more directly
compare data obtained with different indenters. Most of the
hardness data in the literature are currently collected using
Berkovich indenters. However, sharper indenters are better
suited for the study of hard thin films and thin films of only
a few nanometers, where plastic deformation should be con-
strained to a very small volume.9,13
Indenter tip shape can be determined using scanning
electron microscopy27 or transmission electron microscopy,4
but these techniques are impractical to monitor the tip wear
after indentation tests. Alternatively, AFM offers the ability
to measure forces in the subnanonewton range and topogra-
phy with excellent normal and lateral spatial resolution.
AFM also enables the direct imaging of the indenter and the
accurate determination of the area function around the tip
apex.18,27
In this study, the hardness of a 111 oriented gold single
crystal is measured at depths smaller than 40 nm by AFM.
The hardness is measured using two different methods: by
measuring the area of the residual indent with AFM images
and by measuring the cross-sectional area of the indenter
before and after each nanoindentation test. The hardness val-
ues obtained with the two methods are compared and the
effect of tip radius in AFM nanoindentation is investigated.
II. EXPERIMENTAL
The gold single crystal 99.99% purity, Monocrystals
Co., Medina, OH is oriented in the 111 direction and is 2
mm thick. The nanoindentation force-depth data were col-
lected using a Veeco CP-II AFM with a noncoated silicon tip
NCHR, NanoWorld or a diamond-coated silicon tip DT-
NCHR, NanoWorld at room temperature and in air. The
DT-NCHR tip is an NCHR tip coated with a 10 nm thick
diamond film, so the two tips, which are three-sided pyra-
mids, should have the same face angles. The normal cantile-
ver spring constant was calibrated using the method of Sader
et al.,28 32.2 N/m for the noncoated silicon tip and 44.2 N/m
for the diamond-coated tip. The normal force was calibrated
by recording the deflection of the cantilever as a function of
the scanner displacement while in contact with the silicon
substrate. For each nanoindentation test, a new location on
the sample was selected, a scanner displacement was chosen,
and the duration of the test was set so that the scanner ve-
locity in the normal direction was kept constant at
0.6 m /s. The indent depth is obtained by subtracting the
cantilever bending from the scanner displacement. The adhe-
sion forces were negligible compared to the force required to
deform the gold crystal plastically, and thus the contact point
can be defined as the scanner position at which the force was
minimum. This definition of the contact point reduces the
error on the indent depth below 1 nm.
The hardness was determined using two different meth-
ods. In the first one, the hardness is given by the ratio be-
tween the maximum load and the area of the residual indent.
In the second one, the hardness is defined as the ratio be-
tween the maximum load and the cross-sectional area of the
indenter at maximum indent depth. For the first method, only
the diamond-coated silicon tip was used to indent the gold
crystal. The gold crystal was indented three times at various
depths and the residual indents were imaged immediately
after each indentation using the same diamond-coated silicon
tip in tapping mode. After the third indent, the diamond-
coated silicon tip was replaced by a new and sharp silicon tip
PPP-CONT, NanoWorld of tip radius around 10 nm, and
the same three indents were scanned again using the sharp
silicon tip in contact mode. The area of the residual indent
was measured using a flooding method SPIP software, Image
Metrology A/S, Denmark that identifies all the image pixels
below the height of the undeformed sections of the gold
crystal.
For the second method, the indenter shape was deter-
mined before and after each indentation test by scanning a
silicon calibration grating TGT01 MikroMasch, Tallinn, Es-
tonia, which consists of arrays of inverted silicon tips of
heights exceeding 400 nm and with radii smaller than 10 nm.
Scanning the grating results in an inverted image of the in-
denter Fig. 1. Computational erosion of the image was also
used to generate the tip shape, using a blind tip reconstruc-
tion algorithm available on the SPIP software.29 The surface
of the tip was generated over an area of 627627 nm2 size
81 points81 points. Once the surface of the tip is recon-
structed, the cross-sectional area A of the indenter was deter-
mined as a function of the distance to the tip apex d by
counting the number of image pixels that are below a speci-
fied distance from the apex. The difference between the
cross-sectional areas obtained with or without computational
erosion is smaller than 1%. To monitor the effect of scanning
size and scanning velocity on the measured cross-sectional
FIG. 1. Color online AFM image of the TGT01 silicon calibration grating
MikroMasch, Tallinn, Estonia collected with a diamond-coated silicon tip.
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areas, 11 and 22 m2 images were scanned at various
velocities between 2 and 8 m /s, but no significant discrep-
ancy was observed in this range.27
The area function Ad was fitted for d ranging from 0 to
40 nm using the model of a perfect three-sided pyramid
Ad = 33d2 tan2  , 1
where  is the angle at the apex of the AFM tip, defined as
the angle of inclination of each of the three faces to the tip
axis; or a sphere,
Ad = d2R − d , 2
where R is the sphere radius. Since the real tip geometry is
not axisymmetric, the tip radius derived with Eq. 2 is an
average value over all directions.
III. RESULTS AND DISCUSSION
The hardness was first measured by imaging the residual
indent with the indenter diamond-coated tip. Three indents
were made by applying maximum loads of 13.3, 13.8, and
16.5 N on the gold single crystal. The maximum indent
depths recorded on the force-depth curves were 9, 54, and 66
nm, respectively. Each residual indent was imaged by the
indenter in tapping mode immediately after the indentation
and later by a new and sharp silicon tip in contact mode. The
shallow indent made at 13.3 N could only be imaged with
the sharp tip in the contact mode. All AFM images of the
three indents scanned with the indenter or the sharp silicon
tip show the same triangular indent shape that is similar to
the expected cross-section of a three-sided pyramidal tip
Fig. 2. The residual indent depths measured with AFM im-
ages are smaller than the maximum depth measured on the
force-depth curve. For example, for the indent at 13.8 N,
the depth of the residual indent measured with the AFM
images is 21 nm for the blunt indenter Fig. 2a and 23 nm
for the sharp tip Fig. 2b. These residual indent depths are
significantly smaller than the maximum depth of 54 nm mea-
sured on the force-depth curve. The high slope of the unload-
ing curve suggests that the elastic recovery is limited to be-
low 10 nm. A small nonuniform elastic recovery can still
significantly affect the measured residual indent depth due to
the convolution of the tip and indent shapes.
More importantly, the area of the residual indent is sys-
tematically larger on the images collected with the sharp sili-
con tip than the ones collected with the indenter. As an ex-
ample, for the indent at 13.8 N, the residual indent area
measured with the sharp tip 24.3103 nm2 is about three
times larger than the area measured with the blunt indenter
7.6103 nm2. Similar observations were made on the in-
dent made at 16.5 N. The area of the residual indent mea-
sured on the AFM images scanned with the sharp tip is
nearly four times larger than on those collected with the in-
denter. The larger residual indent area for the sharp tip can-
not be explained by the deformation of the gold crystal dur-
ing the AFM scanning in contact mode since the small set
point of 3 nN used is negligible compared to the load re-
quired to deform the gold crystal plastically. The discrepancy
in measured residual indent area is attributed to the convo-
lution of the tip and the indent shapes.
The hardness measured at indent depths of 54 and 66 nm
shows no significant depth dependence. The values were
0.60 and 0.61 GPa, respectively, when the area of the re-
sidual indent was estimated from images scanned with the
sharp tip and 2.28 and 2.31 GPa, respectively, when scanned
with the indenter Fig. 3. The larger radius of the indenter
leads to the systematic underestimation of the area and depth
of the residual indent, and therefore an overestimation of the
hardness. The indentation at a maximum depth of 9 nm
yields a higher hardness value of 1.91 GPa. The error bars
give the range of hardness values obtained from images of
the residual indent scanned at different scanning rates, direc-
tions, and set points. These results suggest a depth depen-
dence of the hardness only for depths smaller than 50 nm.
This depth dependence was previously found in thin gold
films and single crystals.22,23,30 However, indenting the
sample with a diamond-coated tip and then imaging the re-
sidual indent with a sharp tip are impractical for indent
depths at the nanoscale. The method requires elaborate align-
ment marks to return to the same indent after a tip change.
Also, the measurement of the area of the residual indent can
be complicated by the uncertain amount of pileup around the
indent that should be included. Pileups affect the depth along
which the indenter and the sample are in contact and gener-
ally lead to the underestimation of the contact area.31 These
technical challenges motivate the development of a method
FIG. 2. Color online AFM images 150180 nm2 of the same indent
collected with a the indenter and b a sharp silicon tip.
FIG. 3. Color online Comparison between the hardness values obtained by
measuring the area of the residual indent from AFM images collected with
the indenter open circles and a sharp Si tip open triangles and by mea-
suring the cross-sectional area of the indenter after the indentation solid
squares.
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to measure the hardness without imaging the residual indent
or without calibration to a different standard.
The proposed method is based on the determination of
the cross-sectional area of the indenter as a function of the
distance from the apex. The hardness is then defined as the
ratio between the maximum load and the cross-sectional area
of the indenter at maximum indent depth. The tip shape can
be determined by scanning a silicon grating TGT01, so no
alignment marks or tip change is required, saving a consid-
erable amount of time. Also, the tip shape can be monitored
before and after each indent. For this method, the indent
depth was limited to depths below 40 nm in order to limit the
effect of pileups. The scanner velocity in the normal direc-
tion was intentionally kept constant at 0.6 m /s. Hardness
values measured with scanner velocities between 0.5 and
0.8 m /s showed no significant difference over the same
depth range data not shown.
Using this method, two series of hardness values were
obtained using two different tips as indenters: a diamond-
coated silicon tip and a sharper noncoated silicon tip. The
area function cross-sectional area of the tip as a function of
the distance from the apex measured with AFM images is
typically almost linear for distances below 40 nm, character-
istic of an imperfect paraboloid tip Fig. 4. A comparison
between the fits using a perfect three-sided pyramid model
Eq. 1 or a sphere model Eq. 2 reveals that a sphere
model describes the tip shape better over this distance range.
These fits provide an average value of the tip radius of
7012 nm for the noncoated silicon tip and 11226 nm
for the diamond-coated tip. The error reflects the range of
values obtained over the entire series of nanoindentations.
Images of the tip before and after each indent reveal that
the tip radius can vary by almost 20 nm after one indentation
test. The average difference between the radii before and
after the indent is 11 nm for the noncoated silicon tip and 15
nm for the diamond-coated tip. These relatively large varia-
tions of the tip radius actually reflect the nonspherical tip
shape rather than a significant modification in the area func-
tion. Discrepancies between the hardness values obtained us-
ing the area function before and after the indent exceed the
error bars only for the noncoated tip and for indent depths
below 15 nm Fig. 5a. The errors on the hardness values
are related mainly to the uncertainty on the cross-sectional
area. The error bars reflect the range of cross-sectional areas
estimated at distances from the apex within 1 nm from the
maximum indent depth.
Data from both measurement techniques show a depth
dependence on hardness for depths smaller than 25 nm. The
hardness decreases as the depth increases from 5 to 20 nm
and then remains constant for depths larger than 30 nm Fig.
5. This depth dependence of the hardness cannot be attrib-
uted to a substrate effect since the indent depth range is very
small compared to the thickness of 2 mm of the gold crystal.
The hardness values obtained with the diamond-coated tip
using the images after indent Fig. 5b also match those
obtained from AFM images of the residual indent scanned
with the sharp tip Fig. 2. The hardness values obtained with
images of the indenter are between 0.6 and 0.8 GPa for
depths larger than 20 nm, consistent with the 0.6 GPa value
obtained with images of the residual indent at depths above
50 nm. The 1.91 GPa value for the 9 nm deep indent, mea-
sured from AFM images of the residual indent, also follows
the trend suggested by the data from the cross-sectional area
of the indenter.
Finally, the two series of hardness data obtained with the
two tips using images of the indenter after indent are com-
pared to study the effect of tip radius on the measured hard-
ness Fig. 6. The hardness values obtained using the sharp
indenter are systematically higher than those using the blunt
indenter for depths smaller than 30 nm. For depths larger
than 30 nm, the hardness values are close to 0.6 GPa for both
series of data. The lower hardness values for the blunt tip
cannot be explained only by the diamond coating: the pres-
ence of the diamond coating is expected to increase the re-
FIG. 4. Color online Typical area function of the indenter open squares
measured with AFM images inset. The data were fitted by modeling the tip
as a sphere solid line or a perfect three-sided pyramid dashed line.
FIG. 5. Color online Hardness as a function of the indentation depth.
Comparison between the hardness values determined using images of the
indenter before and after the indent for a a sharp tip and b a blunt tip.
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duced modulus of the tip-sample contact and lead to lower
hardness values over the entire depth range. The similar val-
ues obtained at depths larger than 30 nm indicate that the
diamond coating has a very limited effect on the hardness
measurements.
The hardness values reach a constant value for depths
above 15 nm for the blunt tip and above 30 nm for the sharp
tip. For spherical and rounded nonspherical indenters, the
depth range over which the hardness depth dependence is the
most pronounced should be of the order of the tip radius.14
Therefore, a smaller tip radius should result in a narrower
depth range over which the hardness is depth dependent. The
experimental contact radius can be estimated by the radius of
the equivalent circle of contact delimiting the cross-sectional
area of the indenter at maximum indent depth. When the
hardness data in Fig. 6 are plotted against the ratio between
contact radius a and tip radius R or against the d /R ratio14
data not shown, the indentation size effect is still observed
over a wider range of a /R or d /R with the sharp tip than
with the blunt tip a /R0.8 with the sharp tip instead of
a /R0.5 with the blunt tip, and d /R0.15 with the sharp
tip instead of d /R0.3 with the blunt tip. The data indicate
an inherent difference in obtaining data from tips with dif-
ferent shapes even when attempting to account for differ-
ences in the projected indent area. This effect may be driven
by a difference in the gradient of deformation outside the
sharp tip and the need for more geometrically necessary dis-
locations.
IV. CONCLUSIONS
The effect of tip radius on AFM nanoindentation was
investigated through indentation on the 111 face of a gold
single crystal. The hardness was derived using two different
methods: measuring directly the projected area of the re-
sidual indent with AFM images and measuring the cross-
sectional area of the indenter before and after each nanoin-
dentation test. The hardness values obtained from the cross-
sectional area of the indenter are comparable with those
obtained from images of the residual indent scanned with a
sharp tip. Two AFM tips of average radii of 7012 and
11226 nm were used to indent the sample to various
depths ranging from 4 to 50 nm. For depths above 30 nm,
hardness values remain constant around 500 MPa for both
indenters. For depths below 30 nm, the hardness increases as
the indent depth decreases for the sharp and blunt indenters,
and this indent depth dependence is observed over a wider
depth range for the sharp indenter. For depths below 30 nm,
the hardness values obtained with the sharp indenter are also
consistently higher than those obtained with the blunt in-
denter. The results confirm a size scale effect during nano-
meter scale indentation for both varying penetration depth
and tip radius, both of which influence the volume of mate-
rial sampled during deformation.
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